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ABSTRACT We study surface photovoltage decays on sub-millisecond

time scales in organic solar cells using intensity-modulated scanning Kelvin
probe microscopy (SKPM). Using polymer/fullerene (poly[N-9”-heptadecanyl-
2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothiadiazole)]/[6,6]-phenyl
C;¢-butyric acid methyl ester, PCDTBT/PC;;BM) bulk heterojunction devices as
a test case, we show that the decay lifetimes measured by SKPM depend on
the intensity of the background illumination. We propose that this intensity
dependence is related to the well-known carrier-density-dependent recombi-

nation kinetics in organic bulk heterojunction materials. We perform transient
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photovoltage (TPV) and charge extraction (CE) measurements on the PCDTBT/PC;;BM blends to extract the carrier-density dependence of the recombination

lifetime in our samples, and we find that the device TPV and CE data are in good agreement with the intensity and frequency dependence observed via SKPM.

Finally, we demonstrate the capability of intensity-modulated SKPM to probe local recombination rates due to buried interfaces in organic photovoltaics

(OPVs). We measure the differences in photovoltage decay lifetimes over regions of an OPV cell fabricated on an indium tin oxide electrode patterned with

two different phosphonic acid monolayers known to affect carrier lifetime.

KEYWORDS: scanning Kelvin probe microscopy - organic photovoltaic - recombination kinetics - surface modification

he performance of organic photo-
Tvoltaics (OPVs) has improved rapidly

over the past decade and now exceeds
11%." However, despite these impressive
gains, the performance of even a 10% effi-
cient OPV still falls short of the theoretical
efficiencies of 20+% that have been pre-
dicted by many authors.2* In order to under-
stand this gap, there have been extensive
studies on the sources of recombination
losses*™® that can reduce the short-circuit
current (Jso), fill factor (FF), and open-circuit
voltage (Vo) of OPVs.

Work on interlayer materials ranging from
transition metal oxides'®~"? to self-assembled
monolayers®'3~17 has shown that interface
properties can play an important role in
controlling FF and Vo, in particular. Similarly,
control of molecular ordering and composi-
tional gradients at buried interfaces has been
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proposed as key criteria in the demonstration
of OPVs with FFs of 80%.'® However, under-
standing the role that buried interfaces play
in OPV performance remains complicated
by the fact that these interfaces are often
heterogeneous.'®~%?

Exploring the role of heterogeneity in
recombination remains difficult because
some of the most common approaches
to studying recombination such as charge
extraction by linearly increasing voltage,*®
JV modeling,®* intensity-dependent photo-
current,”® time-resolved microwave con-
ductivity,?® photoinduced absorption at dif-
ferent pump fluences,® intensity-modulated
photocurrent and photovoltage,?”® transi-
ent photocurrent,?® and TPV®3%3' average
sample properties over macroscopic areas,
making them unsuitable for directly asses-
sing the role that local heterogeneity plays
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in OPV devices. In the context of OPVs, methods such
as confocal optical microscopy,> 3> scanning near-
field optical microscopy,®® 32 and an array of electrical
scanning probe methods such as conductive and
photoconductive atomic force microscopy (AFM)'9*9~42
and electrostatic force microscopy (EFM)**™>° have
been used to explore the connections between struc-
tural heterogeneity and function in OPVs—though to
date most of these methods have not been used to
measure local carrier recombination rates.

Notably, however, the influence of local structural
heterogeneity is not limited to OPVs. Indeed, the
influence of grain boundaries on recombination ki-
netics is a key question facing many thin-film inorganic
photovoltaic technologies ranging from copper zinc
tin sulfide®”? to the new hybrid perovskites.>® To
address this question, Takihara et al. have used scan-
ning Kelvin probe microscopy (SKPM) with modulated
photoexcitation to measure the photovoltage decay
and thus extract local carrier lifetimes and recombina-
tion rates as a function of position near grain bound-
aries in materials such as polycrystalline Si.>*

Here, we modify this photoassisted intensity-
modulated SKPM method to the study of carrier re-
combination in OPVs. We use the model polymer/
fullerene blend of poly[N-9”-heptadecanyl-2,7-carbazole-
alt-5,5-(4',7’-di-2-thienyl-2',1’,3’-benzothiadiazole)]/[6,6]-
phenyl Cy;-butyric acid methyl ester (PCDTBT/PC;;BM).
Importantly, we study the dependence of the signal
on the modulated light intensity, as well as the effect of
using a background bias light source. We demonstrate
that these parameters have a significant influence on
the measured lifetimes due to the strong dependence
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of transport and recombination kinetics on carrier
density in OPVs. Importantly, we show that the kinetics
measured by SKPM are consistent with those measured
by TPV in a completed device. Finally, we demonstrate
that intensity-modulated SKPM can be used to distin-
guish variations in carrier dynamics due to chemical
heterogeneity at a buried interface.

RESULTS AND DISCUSSION

We studied model bulk heterojunction films and
devices in standard geometries consisting of ITO/
PEDOT:PSS/PCDTBT:PC,,BM/Al, with active layer thick-
nesses of ~80 nm. Using the processing conditions
described in the Experimental Section, we obtained
typical power conversion efficiencies (PCEs) of 4.3%,
with Voc = 0.86 V, Jsc = 8.1 mA/cm?, and FF = 0.62
(Figure 1A) under simulated AM 1.5 illumination.
Although the Vo and PCE are slightly below the best
reported values for PCDTBT films,>>>° these numbers
are consistent with the range of literature values for
this material that are commonly reported.?® Figure 1B
shows a typical intermittent contact AFM topography
scan of the corresponding film, showing fairly smooth
films, with rms roughnesses of 0.5 nm. This fine-scale
surface morphology is well-suited to the current ex-
periments, as here we are primarily interested in study-
ing the general process of measuring photovoltage
decays via SKPM than resolving specific structures.

As shown in Figure 1C, we measured surface photo-
voltages with the SKPM tip on the top surface of the
PCDTBT/PC,1BM blends in areas without metal top
contacts (we measured Voc on the metalized pixels,
in conventional fashion). Figure 2 plots both the

C

Figure 1. (A)J—V curve of a typical PCDTBT:PC;,BM device used in this study. (B) Intermittent contact mode AFM topography
of a typical PCDTBT:PC;,BM blend as cast on PEDOT:PSS on ITO. (C) Experimental scheme showing the illumination geometry
with white background illumination and modulated blue illumination coming under the AFM tip through an inverted

microscope objective lens.
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Figure 2. Voc measured from a device (red crosses) and
surface potential measured from SKPM (blue dots) at dif-
ferent light intensities.

surface photovoltage (blue) and Vo (red) as a function
of light intensity. Upon illumination, the PCDTBT/
PC,,BM films develop a negative surface photovoltage.
This negative photovoltage indicates the accumulation
of excess hole carriers at the film surface in the steady
state, in good agreement with the detailed SKPM and
modeling studies performed by Kemerink and co-
workers on MDMO-PPV/PCs;BM blends.*® The data in
Figure 2 show that both the Vo (measured in a device
configuration) and surface photovoltage (measured
via SKPM without a top contact) show a similar func-
tional form. This result is consistent with the expecta-
tion that both Vo>’ and surface photovoltage (SPV)*8
typically show a logarithmic dependence on light
intensity. At higher intensities, we observe that both
Voc and surface photovoltage saturate, as is consistent
with expectations from previous experiments on a
range of materials.’>®° Indeed, Figure 2 shows that
the saturation occurs at similar light intensity for
both Voc and SPV, despite the differences in total
potential.

When the illumination is removed, both the V¢ of
the device and SPV in the SKPM geometry decay with
time (see below). The decay of the V¢ in a device
geometry forms the basis for the TPV method of
measuring carrier recombination rates.®® Similarly,
Takihara et al. have previously used surface photovol-
tage decays as a way to measure local carrier lifetimes
in the frequency domain in microstructured inorganic
PVs using SKPM to measure the resulting time-
averaged voltage while the intensity of the excitation
light source is modulated at varying frequency.>* In
organic bulk heterojunction films, Kemerink and co-
workers have noted that the SPV decay exhibits
both a slow (~minutes to hours) component associated
with the filling and emptying of deep traps and a fast
(~milliseconds or faster) component associated with
the recombination of excess free carriers.*® In our
experiments with PCDTBT, we noticed minimal slow
decay, with most of the photovoltage dissipating on
time scales of ~milliseconds. To our knowledge, this
fast recombination of the excess carrier population

SHAO ET AL.

* & [T
£ (TTTTRTTTe
\

Time

Figure 3. Schematics of the principle of intensity-
modulated SKPM. (A) Light modulating periods of the
LED, with the red trace being the modulation with a low
frequency and blue trace being the modulation with a high
frequency. (B) Oscillations of the sample surface potential as
a result of the LED modulation. The horizontal lines are the
time-averaged values recorded by the instrument.

in OPVs has so far not been resolvable in time using
scanning probe microscopy.

In order to study this fast photovoltage decay com-
ponent in more detail, we adopted the experimental
geometry of Takihara et al. (Figure 1C), with the key
critical addition of a DC white light bias. Conceptually,
the experiment in Figure 1Cis straightforward: a probe
light source is rapidly switched on and off while an
SKPM tip is used to measure the local time-averaged
surface potential. When the probe light is on, excess
carrier accumulation leads to a change in surface poten-
tial compared to the dark state. When the probe light
is turned off, this excess population decays with
a functional form that depends on the physics of the
process(es) governing the decay of that excess popula-
tion. Since SKPM is inherently a slow technique, the
SKPM acts as a low-pass filter giving a time-averaged
photovoltage. Figure 3 depicts how the frequency de-
pendence of the time-averaged SKPM signal can, in
principle, be used to extract local variations in the lifetime
of the excess photogenerated carriers. Importantly, our
addition of a white light bias allows us to measure the
change in decay rate as we use the DC light bias to
control the background carrier concentration in the film.

As is clear from Figure 3, the exact functional form of
the SKPM magnitude versus frequency data will de-
pend on the kinetics of the underlying recombination
process. However, in general, one expects the mea-
sured SKPM signal to saturate at a maximum value at
high frequency (when the light is being modulated
faster than the system can respond) and a minimum
value at low frequency (at which point the measured
SKPM signal is just the time average of the equilibrated
surface potentials measured in the “light-off” and the
“light-on” states).>* The midpoint between these two
regimes will happen near the dominant characteristic
lifetime of the system.
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Figure 4. (A) Time-averaged surface photovoltage plotted
against modulation frequency with varying peak modula-
tion intensity (470 nm probe LED as the excitation source)
with a fixed white light background intensity of 1 mW/cm?,
Each curve was done with a different probing intensity as
indicated in the figure. Each point in the figure is a time-
averaged surface photovoltage value over a 30 s period.
Lines are guides for the eye. (B) Time-averaged surface
photovoltage plotted against modulation frequency with
constant peak modulated light intensity (25 mW/cm?) and
varying background illumination intensity of 0.25, 1, and
3 mW/cm?. Lines are guides for the eye.

Figure 4 shows experimental intensity-modulated
SKPM data taken on PCDTBT/PC,;BM films plotted as
the surface photovoltage measured versus the probing
light modulation frequency. Figure 4A shows the effect
of varying the peak probe light intensity from 25 to
200 mW/cm? (~25 to 200% 1.5 AM one sun intensity)
while keeping the white bias LED at a constant inten-
sity of 1 mW/cm?, whereas Figure 4B shows the effect
of varying the background white light intensity from
0.25 to 3 mW/cm? while keeping the peak intensity
of the modulated 470 nm LED fixed at 25 mW/cm?. As
expected, Figure 4A shows that as the peak intensity of
the modulated probe light is increased, the average
photovoltage increases for all modulation frequencies.
This result is easy to understand: as already shown in
Figure 2, the surface photovoltage increases with light
intensity. Thus, increasing the maximum intensity
of the modulated light increases the time-averaged
photovoltage as measured by SKPM at all modulation
frequencies.

Figure 4B shows how the frequency dependence
of the surface photovoltage changes as a function of
varying constant background illumination intensity.
The general shape of the curves is as expected—the
average photovoltage tends to increase with modula-
tion frequency, before leveling off at high frequency.>*
Importantly, however, the midpoints of the frequency
dependence curves shift toward higher frequencies
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with increasing background light intensity, as would be
expected if the photovoltage lifetime was decreasing at
higher light intensities. While an intensity-dependent
carrier lifetime has not previously been considered
when analyzing intensity-modulated SKPM data on
inorganic semiconductors,>* carrier-density-dependent
lifetimes have been widely reported in the OPV
literature,>'%? including for PCDTBT/PC;;BM blends.®?
We therefore propose that the carrier-density-
dependent lifetime observed in OPVs is responsible
for the decrease in lifetime we measure with the
intensity-modulated SKPM as the background light
intensity is increased. The intensity-modulated SKPM
data shown are for a single point on each sample.
Although there are some spatial variations in the
quantitative values, we confirmed that the overall
trends in intensity and frequency that we focus on here
are representative of the PCDTBT:PC;,BM samples in
general (see Supporting Information Figure S9 for data
taken at multiple locations on different samples).
We have tested the consistency of these results across
different points and different samples prepared identi-
cally. The general trends shown in Figure 4B held for
all points and samples (see Supporting Information
Figure S9). While we expect that there is likely some
variation due to local film morphology effects, these
variations are not large enough to interfere with the
general properties such as the frequency dependence
of the photovoltage and the intensity dependence of
the carrier lifetime that we are concerned with herein.

To investigate the relationship between the intensity-
dependent surface photovoltage lifetime measured in
our SKPM experiments and the recombination lifetimes
more typically measured on completed organic photo-
voltaic devices, we performed TPV®® and charge extrac-
tion (CE)®° on the same PCDTBT/PC,;BM films used in
the SKPM experiments as a function of background
light intensity using methods previously described
(see Supporting Information).? Briefly, TPV measures
the pseudo-first-order carrier recombination rate by
measuring the decay of a small voltage transient in-
duced in a device by a weak transient perturbation light
pulse while the carrier density in the cell is held fixed
using a continuous white light bias and a high impe-
dance load. CE measures the carrier density in a device
by shunting an illuminated device through a small series
resistor at the same time the illumination is extinguished
and then measures the resulting total integrated charge.

Figure 5 shows the TPV data obtained on PCTDTB/
PC,:BM films. Figure 5 plots 7, the small perturbation
(pseudo-first-order) voltage decay lifetime, as a function
of Vo (also see Supporting Information Figures S3—S5
for carrier-density-dependent lifetime). It is clear that 7,
is strongly dependent on light intensity/carrier density,
as has been reported previously for PCDTBT/fullerene
blends,%? as well as many other polymer bulk hetero-
junction materials.>®%2 Consistent with previous
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Figure 5. Lifetime of charge carriers at different Voc by
varying the illumination intensity under the TPV setup.

reports, the lifetime decreases rapidly with increasing
carrier density, exhibiting an apparent recombination
order >2. Recombination order is the order of annihila-
tion reaction between electrons and holes,*® and reac-
tion orders >2 have been commonly attributed to carrier-
dependent mobility in organic semiconductors.”®3

The TPV data in Figure 5 are qualitatively consistent
with the SKPM data in Figure 4. Both experiments
suggest that the recovery kinetics are faster at higher
carrier density. Unlike with TPV or intensity-modulated
photocurrent techniques, signal-to-noise limitations
make it difficult for us to conduct SKPM measurements
in the small perturbation limit. As a result, the modu-
lated light intensity causes changes in the carrier con-
centration that can be comparable to, or even larger
than, those induced by the bias light. In this case,
the background illumination, rather than holding the
carrier concentration effectively constant as in a TPV
experiment, serves here to prevent the carrier concen-
tration from dropping below a fixed level. We empha-
size that intensity-modulated SKPM and TPV therefore
probe different characteristic lifetimes, and it is only
through modeling (as shown below) that we can
compare them directly. We next showed that these
data are quantitatively consistent by using the experi-
mental carrier recombination kinetics as determined by
TPV to simulate both the frequency and background
intensity dependence of the intensity-modulated SKPM
data. For the simulation, we performed a numerical
integration of the carrier kinetics in the time domain
using the known light intensity and film absorbance
values to vary the generation rate and the TPV-derived
T versus n data to determine the instantaneous carrier
recombination rate at each integration step (see Sup-
porting Information Figures S3 and S4 and eqs S1 and
S2 for details). These simulations produced voltage
versus time plots. Since the SKPM measures the time-
averaged voltage, we then computed the time average
of the simulated voltage at each intensity and modula-
tion frequency.

Figure 6 plots the results of the intensity-modulated
SKPM data as simulated using the experimental
TPV data as input. The simulation reproduces both
key qualitative trends, as well as the quantitative
values of the experimental data in Figure 4. Notably,
as the optical modulation frequency is increased, the
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Figure 6. Simulated Vo decay under modulating frequency.
Decay of V¢ vs time is described by Supporting Information
eq S2. Different time period was used to simulate Vo decay.
(A) Fixed 1 mW/cm? background illumination and varying
probing illumination as indicated in the figure. (B) Fixed
probing intensity of 25 mW/cm? with varying background
illumination as indicated. Net Vo means the increase of Vg
due to the probing illumination. Each point in the figure is a
time-averaged Vo value. This figure is plotted in the fre-
quency domain for more direct comparison with SKPM data.

time-averaged surface photovoltage increases with
the same S-shaped curve, as shown in Figure 2. More
importantly, as the background illumination intensity is
increased, the midpoint frequency at which the photo-
voltage reaches half of the saturation value shifts to
higher frequencies/faster lifetimes. Remarkably, the
midpoint frequency values (reflecting a weighted aver-
age of the lifetime distribution) simulated from the
TPV data agree within better than a factor of 2 with
the experimental values. Given the experimental limita-
tions of the TPV and CE data, we conclude that the data
are remarkably consistent with the TPV decays and the
SKPM decays sharing the same underlying kinetics.

Previously, we have shown that the recombination
lifetimes measured in TPV can be strongly influenced by
the surface chemistry at the hole-extracting contact.®
Given that the SKPM experiment seems to be probing
the same underlying kinetics as the TPV experiment, we
next asked if it would be possible to use intensity-
modulated SKPM to measure spatial variations in carrier
lifetimes due to chemical heterogeneity at a buried
active layer/hole-extraction layer interface. Such studies
are useful because the hole-extraction layer can be very
heterogeneous,'®?%?*? and understanding how recom-
bination is affected at the buried interface could lead
to better-engineered interfaces.

In order to demonstrate this possibility of using
SKPM to probe recombination at the buried contacts
in OPVs, we used microcontact printing to generate
phosphonic acid patterns on ITO electrodes prior to
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Figure 8. Time-averaged surface photovoltage measured
at different LED modulating frequency with intensity-
modulated SKPM measurement. Sample is a PCDTBT:PC;,BM
layer over an ITO substrate patterned with oF,BnPA and
FsBnPA. The blue and green dots are experimental data for
areas over oF,BnPA and FsBnPA, respectively. Lines are fits of
stretched exponential in the frequency domain with charac-
teristic lifetimes of 7 = 1.1 ms (FsBnPA) and 7 = 0.51 ms
(oF,BnPA) and stretching exponent 5 = 1.08 (FsBnPA) and
£ =1.17 (oF,BnPA).

depositing the active semiconductor layer.'” Figure 7A
shows an SKPM image of the resulting patterned ITO
electrode. The ~0.3 eV work function contrast is due
to the difference in surface dipoles between the two
phosphonic acids.'” Figure 7B shows the surface po-
tential contrast with the PCDTBT/PC,;BM blend on
top of the ITO and under 12.5 mW/cm? of illumination.
Due to band banding in the overlying semiconductor,
the surface potential contrast is attenuated (contrast
~50 mV) from that of the bare electrode, but the
pattern is still visible in the SKPM image. This residual
SKPM contrast allows us to locate the SKPM tip above
regions of known surface chemistry and acquire spa-
tially resolved, intensity-modulated SKPM data.

Figure 8 shows the local surface photovoltage mea-
sured with SKPM as a function of modulation frequency

EXPERIMENTAL SECTION

Device Fabrication. Bulk heterojunction solar cells made from
PCDTBT (poly[N-11"-henicosanyl-2,7-carbazole-alt-5,5-(4',7'-di-

SHAO ET AL.

over regions of the PCDTBT/PC,,BM film that have either
pentafluorobenzylphosphonic acid (FsBnPA, larger
work function) or 2,6-difluorobenzylphosphonic acid
(oF,BnPA, smaller work function) underneath. The curve
taken over the oF,BnPA region is shifted systematically
to higher frequencies, indicating that the photovoltage
decay is faster over the oF,BnPA-patterned region as
compared to that of the FsBnPA. Figure 8 also shows
stretched exponential fits to the experimental data (see
Supporting Information eq S4 for fitting details). Using
these fits, we extract a characteristic carrier lifetime that
is ~2 times faster for oF,BnPA than for FsBnPA at a given
light intensity. This result is in good agreement with TPV
data taken on devices made with phosphonic-acid-
treated electrodes, where oF,BnPA-treated electrodes
exhibited consistently faster TPV lifetimes as compared
to FsBnPA-treated electrodes® We thus conclude that
intensity-modulated SKPM can be applied to measure
variations in carrier lifetimes due to heterogeneity in the
buried electrode surface chemistry.

CONCLUSIONS

In summary, we have studied intensity-modulated
SKPM on model polymer solar cells consisting of
PCDTBT/PC,1BM bulk heterojunctions. We find that
the ~millisecond scale surface photovoltage decays
measured via SKPM exhibit intensity-dependent re-
combination kinetics, in quantitative agreement with
the carrier recombination kinetics measured in bulk
devices by TPV. Furthermore, we have shown that we
can use intensity-modulated SKPM to probe variations
in carrier kinetics due to heterogeneity in the buried
surface chemistry. Broadly, these results not only sup-
port the contention that carrier kinetics in polymer
solar cells are sensitive to surface chemistry®'*'®
but also suggest that any heterogeneity in surface
chemistry could lead to potentially detrimental effects
on recombination lifetimes at the electrode interfaces.

2-thienyl-2/,1",3’-benzothiadiazole)]:PC;;BM (phenyl-C;,-butyric
acid methyl ester) were used in this study. PCDTBT was
purchased from St-Jean Photochemical Inc. and PC;;CM from
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Nano-C. PCDTBT and PC,;BM were blended in a 1:4 ratio in a
dichlorobenze/trichlorobenzene mixed solution in (1:2 weight
ratio of solvents) to achieve a combined PCDTBT + PC,,BM
concentration of 30 mg/mL. This final solution was spin-coated
on top of a 30 nm thick PEDOT:PSS layer on an ITO substrate to
achieve an 80 nm active layer. A 40 nm Al top electrode was
evaporated inside a thermal evaporator with a custom-made
evaporation mask exposing only part of the surface to coverage
by the top metal electrode (for device characterization and TPV
experiments as will be discussed later) and leaving part of the
active layer film exposed for SKPM experiments.

Patterning ITO with Phosphonic Acids. 2,6-Difluorobenzylpho-
sphonic acid (oF,BnPA) and pentafluorobenzylphosphonic acid
(FsBnPA) were used to pattern work function variations on the
substrate.'” The ITO substrates were first sonicated in acetone
for 15 min and blown dry with nitrogen. They were then
sonicated in isopropyl alcohol for 15 min and blown dry with
nitrogen. Afterward, the ITO was placed within a plasma cleaner
(Harrick plasma cleaner PCD32G) for plasma cleaning for 5 min
with air. Immediately after removal from the plasma cleaner,
the substrate was micro-contact-printed with a PDMS stamp
using a 10 mM ethanolic solution of FsBnPA as the ink and then
annealed at 140 °C for 5 min. The substrate was then rinsed and
soaked in a 10 mM ethanolic solution of oF,BnPA overnight,
then rinsed with ethanol and annealed at 140 °C for 5 min
a second time. The substrates were then sonicated in 5%
triethylamine/95% EtOH solution for 30 min. The active layer
of PCDTBT:PC;,BM was then spin-coated on top the phosphonic-
acid-covered ITO substrates.

AFM. SKPM measurements were carried out on an MFP-3D-
BlO-based (Asylum Research) AFM with custom modifications
using 300 kHz Pt-coated cantilevers (BudgetSensor ElectriTap300).
SKPM was carried out in a flow cell with active nitrogen flow, at a lift
height of 50 nm. The flow cell used here has a ~1.5—2.5 mL fluid
volume after engaging the tip. The SKPM setup is displayed in
Figure 1C. The 455 nm LED was purchased from LED Engin
(product numbers LZ1-00DB00). The incident illumination power
was calibrated using a Si diode.

TPV and CE Measurements. TPV and CE measurements were
performed on a home-built system as described elsewhere.®
Briefly, background illumination was provided by a white LED
(Bridgelux BXRA-56C9000-J) which was driven by a TTl instrument
power supply (CPX400SA) and controlled through a custom Lab-
VIEW program. A 447.5 nm LED (Luxeon Star LXML-PR01-0425)
was driven (electrical pulse of 2 Hz, 4 us width, 20 ns edge) by a
home-built LED driver circuit and waveform generator (Agilent
33210A). Samples were mounted in a home-built vacuum cham-
ber and tested under active vacuum (typically between 5 and
15 mTorr). The device was held at open circuit through a buffer
with a 500 GQ effective input impedance, and the resulting
transient voltage across the cell was measured by an oscilloscope
(Textronix TDS 2024B). CE measurements employed a home-built
circuit that allowed the device to be switched from open circuit to
short circuit. The device's extracted current was shunted through
a 510 Q resistor. The corresponding voltage decay transient was
again measured by the oscilloscope. After data collection, the
voltage transient was converted to a current transient using
Ohm's Law and used to determine a current volume. Charge
carrier density (n) was calculated by integrating the area under-
neath the transient and dividing by the charge on an electron.
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